Members of the family of bHLH (basic-helix-loop-helix) transcription factors play important roles in many developmental processes throughout metazoa. In neurogenesis of Drosophila and vertebrates two groups of bHLH proteins are crucial: the proneural activators, including proteins of the Achaete-Scute Complex (ASC), and the E(spl)/Hes repressors (Fischer and Gessler, 2007; Garcia-Bellido and de Celis, 2009 (Cabrera and Alonso, 1991; Singson et al., 1994) . The E(spl)/Hes proteins belong to bHLH Group E, also known as the bHLH-Orange group. Group E proteins form homodimers as well as heterodimers amongst themselves and bind to a different DNA consensus, the E B box (CACGTG), or its variants, the C (CACGCG) and N (CACNAG) boxes (Jennings et al., 1995; Oellers et al., 1994 ). An additional characteristic of E(spl)/Hes proteins is the Orange domain, an extension of the a-helical HLH region, which serves as an extended dimerization domain amongst the bHLH-O proteins (Taelman et al., 2004) . The Orange domain also mediates interaction with Daughterless (Zarifi et al., 2012 
Introduction
Members of the family of bHLH (basic-helix-loop-helix) transcription factors play important roles in many developmental processes throughout metazoa. In neurogenesis of Drosophila and vertebrates two groups of bHLH proteins are crucial: the proneural activators, including proteins of the Achaete-Scute Complex (ASC), and the E(spl)/Hes repressors (Fischer and Gessler, 2007; Garcia-Bellido and de Celis, 2009) . ASC proteins belong to bHLH Group A (Ledent et al., 2002) ; they heterodimerize with the ubiquitously expressed Group A protein Daughterless prior to binding DNA on the E A box consensus site (CAKSTG) (Cabrera and Alonso, 1991; Singson et al., 1994) . The E(spl)/Hes proteins belong to bHLH Group E, also known as the bHLH-Orange group. Group E proteins form homodimers as well as heterodimers amongst themselves and bind to a different DNA consensus, the E B box (CACGTG), or its variants, the C (CACGCG) and N (CACNAG) boxes (Jennings et al., 1995; Oellers et al., 1994 ). An additional characteristic of E(spl)/Hes proteins is the Orange domain, an extension of the a-helical HLH region, which serves as an extended dimerization domain amongst the bHLH-O proteins (Taelman et al., 2004) . The Orange domain also mediates interaction with Daughterless (Zarifi et al., 2012) .
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In early Drosophila neurogenesis, neural precursors, called neuroblasts (NBs), are selected in sequential waves from the embryonic ventral neuroectoderm, which initially consists of equipotent cells that will give rise to both neural and epidermal cells (Jimenez and Campos-Ortega, 1990 ). Proneural fate is initiated within local groups of cells, called proneural clusters (PNCs) , by the expression of the proneural bHLH genes of the Achaete-Scute Complex (Campuzano and Modolell, 1992) . Only one cell per cluster commits to the neural fate becoming a neuroblast (NB). The NB delaminates into the embryo and expresses target genes of the ASC proteins like asense (ase), hunchback (hb), snail (sna) and deadpan (dpn) (Southall and Brand, 2009 ). Neural fate is inhibited in the neighbouring cells of the cluster, which remain as uncommitted ectoderm and eventually, after five waves of NB segregation, form the epidermis. Inhibited cells do not express the above proneural target genes but instead express bHLH-O genes of the E(spl) complex (Jennings et al., 1994) , which are necessary to inhibit NB fate. This process is called lateral inhibition and is mediated by Notch signalling (Artavanis-Tsakonas et al., 1999; Martin-Bermudo et al., 1995; Simpson, 1990 ). E(spl) genes are activated by the combined action of proneural proteins and Notch (via the transcription factor Su(H)) (Bailey and Posakony, 1995; Cooper et al., 2000; Jennings et al., 1995; Lecourtois and Schweisguth, 1995; Nellesen et al., 1999) . E(spl) proteins repress the transcription of proneural target genes and thus restrict them to one cell per cluster; the one that receives the least Notch signal (Culi and Modolell, 1998; Giagtzoglou et al., 2003) . E(spl) proteins are known to repress in two ways: (1) via direct DNA binding to specific sites present in proneural target gene enhancers and (2) by proteinprotein interaction with DNA bound proneural proteins. The balance of activity between proneural proteins and E(spl) proteins determines the number, time and place of neuroblast birth. Strikingly, the interplay between proneural proteins (ASC homologues and Neurogenins) and E(spl) homologues (Hes proteins) is conserved in vertebrates. In zebrafish (Takke et al., 1999) and Xenopus (Schneider et al., 2001 ) primary neurons express proneural proteins and use a similar mechanism of Notch-Hes mediated lateral inhibition to inhibit their neighbours from differentiating, maintaining them as neuroectodermal precursors. In the mouse Hes 1, Hes 3 and Hes 5 are similarly strongly expressed in neuroectodermal cells before differentiation. Later, they are turned on in neural stem cells and downregulated in their neuronal progeny, which upregulate proneural factors (Kageyama et al., 2008) . We recently showed that E(spl) genes are re-expressed in Drosophila neuroblasts after delamination , where they function redundantly with another bHLH-Orange factor, Deadpan, to ensure long-term NB maintenance.
Neurogenesis has been described in several arthropods besides Drosophila, representing the three eu-arthropod groups, the pancrustacea (including insects), chelicerates and myriapods. Singularization of neuroblasts from proneural clusters has been reported in the beetle Tribolium and the locust Schistocerca (Broadus and Doe, 1995; Wheeler et al., 2003) . Proneural gene expression is conserved in Tribolium; the single Achaete-Scute homologue (Ash) is expressed in PNCs and becomes transiently restricted to a single cell, which subsequently turns on expression of the proneural target gene asense (Wheeler et al., 2003) . Neuroblasts are also present in malacostracan and branchiopod crustaceans (Ungerer et al., 2011; Ungerer and Scholtz, 2008) , but they do not seem to arise from proneural clusters, nor do they invaginate from the neuroectoderm. In the branchiopod Daphnia magna, NBs express the zinc-finger gene snail before expressing Ash, suggesting that NB formation may be under a different molecular control than in insects. Unlike insects and crustaceans, in chelicerates and myriapods no NBs are present; instead groups of neural precursors invaginate and differentiate into neurons or glia with little or no accompanying cell division (Stollewerk et al., 2001) . Nevertheless, expression of achaete/ scute homologues as well as the pan-neural gene snail appears conserved (Stollewerk, 2002; Stollewerk et al., 2001; Weller and Tautz, 2003) . In addition, the Notch pathway seems to play a conserved role as an antagonist of neural precursor specification in arthropod phyla. For example, in the chelicerate Cupiennius salei, Notch restricts the number of ectodermal cells that express Ash and differentiate as neural precursors (Stollewerk, 2002) , while in the branchiopod Daphnia magna it prevents some neuroectodermal cells from expressing sna and adopting the NB fate (Ungerer et al., 2012) .
Despite the intensive study of achaete/scute homologues in arthropods other than Drosophila, E(spl) homologues have hardly been studied to date. Two bioinformatics studies (Duncan and Dearden, 2010; Schlatter and Maier, 2005) have revealed the existence of one to three E(spl) homologues in several holometabolous and hemimetabolous insect species (three mosquitoes, the beetle Tribolium castaneum, the silkworm Bombyx mori, the honeybee Apis mellifera, the aphid Acyrthosiphon pisum and the louse Pediculus humanus) and a crustacean (Daphnia pulex). In the one analysed spider, Ixodes scapularis, no clear E(spl) homologues were found, although the broader bHLH-O family is present in all metazoans (Simionato et al., 2007) . Interestingly, the E(spl) genes of all studied arthropods are arranged in a complex intermingled with a Bearded (Brd)-class gene, a feature originally described in Drosophila, but not observed in vertebrate Hes loci. The E(spl) complex (E(spl)-C) in Drosophila is remarkably larger, as it consists of seven E(spl)-HLH family genes (mb, mc, md, m3, m5, m7, m8 ) (Delidakis and Artavanis-Tsakonas, 1992; Knust et al., 1992) ; intermingled with four Bearded family genes (ma, m4, m2, m6) (Lai et al., 2000a; Lai et al., 2000b ) -this expansion seems to have occurred in the radiation of Schizophoran flies within the Diptera group (Baker et al., 2011) . All E(spl)-C members in Drosophila, with the exception of m1, the only non-HLH/nonBrd gene of the complex (Wurmbach et al., 1999) , respond to Notch signalling via Su(H) binding sites found in their 5 0 and 3 0 flanking regions (Bailey and Posakony, 1995; Cooper et al., 2000; Krejci and Bray, 2007; Lecourtois and Schweisguth, 1995; Nellesen et al., 1999) . Besides the closely-related Schizophoran species, where regulatory sequences were thoroughly studied (Baker et al., 2011) , Su(H) consensus sites were also found in the regulatory regions of E(spl) complex genes in Daphnia, Acyrthosiphon and Apis (Duncan and Dearden, 2010; Schlatter and Maier, 2005) ; other species were not analysed. Another feature of Drosophila E(spl)-C genes is the presence of microRNA binding sites for the miR2/13/6/11, miR7 and miR4/79 families, called K-box, GY-box and Bearded-box (Brd-box), respectively (Lai et al., 1998; Lai and Posakony, 1997; Lai et al., 2005) . These three miRNA binding motifs were also detected in the 3 0 UTRs of E(spl) genes from the three arthropod species tested (Apis, Acyrthosiphon, Daphnia), with the exception of Brd boxes, which were absent in Daphnia (Duncan and Dearden, 2010) . Besides the bioinformatic analysis, Duncan and Dearden (Duncan and Dearden, 2010) reported the embryonic expression of the three Apis E(spl) genes, all of which are expressed in the neuroectoderm at the time of neurogenesis. Recently, the expression of two E(spl) homologues, Hes2 and Hes3, was analysed in the crustacean Daphnia magna, where a neuroectodermal pattern was also observed (Ungerer et al., 2012) . Moreover the D. magna E(spl) genes were shown to be downregulated by c-secretase inhibition, suggesting that they are Notch targets. In order to further our understanding of the role and evolution of E(spl) homologues in insect/arthropod neurogenesis we studied in depth the E(spl) homologues of T. castaneum. Tribolium is a coleopteran, diverged from Drosophila by about 250 million years, and its short germband embryonic development represents a more ancestral state than that of Drosophila. We found that the two beetle E(spl) homologues are expressed in the neuroectoderm during germband elongation in response to both Notch signalling and the Ash proneural protein. Double knockdown of the Tribolium E(spl) homologues produced moderate neuroblast hyperplasia, partially phenocopying the effects of Notch knockdown. Finally we showed that both beetle E(spl) proteins have conserved functions, which can be revealed by ectopic expression in Drosophila tissues or cells. Our work represents the most comprehensive functional analysis of arthropod E(spl) genes outside the genus Drosophila to date.
Results

The T. castaneum genome contains two E(spl) homologues
Using Blast against the Tribolium proteome we searched for homologues of each of the Drosophila bHLH-Orange proteins E(spl)m8-md, Her, Hairy, Deadpan, Side, Hey and Cwo. One homologue of each was found with the following exceptions. (a) Tribolium had no Her homologue. (b) An additional Sidelike protein was detected, Tc Side2 (named after Bitra et al. 2009 ). (c) Instead of 7 E(spl) proteins only 2 E(spl) homologues, E(spl)1 and E(spl)3, were identified in the beetle genome. The phylogenetic relationships of the Drosophila and Tribolium bHLH-O proteins are shown in a dendrogram in Fig. 1A . The full sequence alignment of the two Tc E(spl) proteins and Drosophila E(spl)mc (Fig. 1B) shows highest similarity in the bHLH region, where the two Tribolium proteins are almost identical. Also the Orange domains of Dm mc and Tc E(spl)1 show high similarity, while Tc E(spl)3 is more divergent in this region (Fig. 1B) . We named the Tc-E(spl) genes E(spl)1 and E(spl)3 (old names E(spl)mc1 and mc2, respectively; Bitra et al. 2009 ) to be consistent with the classification of Duncan and Dearden (2010) , who proposed the existence of three ancestral arthropod E(spl)-like genes, which were termed ''E(spl)1'', ''E(spl)2'' and ''Her''. All Drosophila E(spl) proteins and Tc E(spl)1 belong to the E(spl)1 subfamily, whereas Tc E(spl)3 is more similar to members of the Her subfamily; both Drosophila and Tribolium seem to have lost the E(spl)2 member. As, however, Tc E(spl)3 shows much less similarity to Dm Her (29 identities out of 60 aa in the bHLH domain) than it does to Dm E(spl)mc (47 identities), we believe that the name ''Her'' is inappropriate. In fact, based on a variety of criteria, including aminoacid sequence, genomic organisation, absence in some Drosophilid genomes and expression pattern, Dm Her appears to be a highly divergent gene (Duncan and Dearden, 2010; Moore et al., 2000; Waterhouse et al., 2011) . We therefore propose that this subfamily, which includes conserved members from Bombyx, Tribolium, Apis, Pediculus, Acyrthosiphon and the crustacean Daphnia, be renamed as ''E(spl)3''.
The Tribolium E(spl) complex spans about 75 kb on chromosome 8 and contains the two E(spl) genes (Tc-006580 or E(spl)1 and Tc-005541 or E(spl)3) at the ends and five more genes (Tc-006576, Tc-006577, Tc-006578, Tc-005540 and Tc-006579) in between. One of these is a Bearded family homologue (ma, Tc-006578) (Fig. 1C) , consistent with the proposed ancestral arthropod E(spl) locus structure (Duncan and Dearden, 2010; Schlatter and Maier, 2005) . Note that this region of the genome is still not well sequenced, as it contains two sizeable gaps. A gene encoding the co-repressor Groucho, which is included in the complex in Drosophila next to E(spl)m8, is not located in close proximity to the E(spl) genes in Tribolium. Instead a gene annotated as ''similar to Dm groucho'' is located on a different chromosome (chromosome 2). In fact no other arthropod E(spl) complex seems to be in proximity with a groucho homologous gene (Duncan and Dearden, 2010) . The genes flanking the Tc E(spl) complex include nine members of amiloride-sensitive Na + channels, similar to Drosophila Ppk, which are encoded in diverse genomic regions away from the E(spl) complex in the fly (data not shown).
In Drosophila, Apis, Acyrtosiphon and Daphnia E(spl) complexes, most genes are surrounded by Su(H) binding sites and contain binding sites for specific microRNAs in their 3 0 UTRs. We searched the Tribolium locus for similar motifs.
Multiple Su(H) consensus sites were identified and are marked in Fig. 1C . Curiously, twelve of them reside within a 15-repeat minisatellite with repeat size of 164 bp, located between Tc-006577 and ma (Tc-006578), a feature not observed in any other species so far. Additionally, both Tribolium E(spl) genes contain K-and Brd-boxes in their 3 0 UTRs (data not shown) suggesting a conserved response to miR2/13/6/11 and miR4/79. No GY (miR7) box was found downstream of either Tc E(spl) gene, although several such sites were present in the broader locus, including one downstream of Tc ma, the Brd-like gene that lies between the two E(spl) genes.
2.2.
The Tc E(spl) genes are expressed in the embryonic ventral neuroectoderm Embryonic expression of the Tribolium E(spl) genes was analysed by in-situ hybridization. To avoid crossreaction between E(spl)1 and E(spl)3, probes were designed using the coding regions excluding the bHLH region, in which we found identical DNA sequence stretches (data not shown). Embryonic stages from 0 to 24 h were analysed to create expression maps spanning the whole of germband elongation (Fig. 2) . At early stages, E(spl)1 is expressed in a domain at the very posterior rim of the growth zone (GZ); this expression persists throughout germband elongation (black arrows). E(spl)3 has a more diffuse expression in a similar location. At the onset of germband elongation, E(spl)1 is strongly expressed in a central domain between the head lobes and in a domain in the centre of the first specified segment, the mandibular segment ( Fig. 2A, black and blue asterisks, respectively). E(spl)3, at a comparable stage, is also detected at low levels in the head lobe domain. With the formation of new segments, segmental expression of both E(spl)1 and E(spl)3 comes up. E(spl)1 expression is limited to the centre of the segments, whereas E(spl)3, expression spreads more laterally (compare asterisks in B and B 0 ). One very prominent cluster of expression in each headlobe appears during early germband elongation ( Fig. 2B and B 0 arrowheads).
At later stages, expression of the two E(spl) genes is almost identical, especially within the ventral and cephalic neuroectoderm. Cephalic expression spots increase to two during mid-germband elongation ( Fig. 2C and C 0 arrowheads) and continue increasing thereafter. At that time, additional clusters of expression appear in the ventral neuroectoderm anterior to the segmental stripes (blue asterisks in Fig. 2C and C 0 ), generating circularly arranged groups of cells (red arrows in Fig. 2C and C 0 ). Soon after, the stripes disappear;
and clustered domains become more prominent (blue arrows in Fig. 2D and D 0 ), with their number increasing with the age of the segment from two domains in young segments until, in mature segments, single domains are not distinguishable anymore and expression almost fills the ventral neuroectoderm ( Fig. 2E and E 0 ). As germband elongation progresses, the growth-zone expression domain of E(spl)1 expands. From an expression in a thin stripe, expression now changes to a ring-like domain ( Fig. 2D and E). At later germband stages, the GZ shrinks in size and expression of E(spl)1 progressively fades until, when elongation is complete, only two lateral spots are detected ( Fig. 2F and G black arrow). At very late stages, new segmental expression of both E(spl)1 and E(spl)3 appears transiently in thin stripes at the anterior rim of the thoracic segments (purple arrows in Fig. 2F and F 0 ) and in the tips of the gnathal and thoracic appendage primordia (arrowheads in Fig. 2F and G). Expression is also detected in the stomodaeum (asterisks in Fig. 2G and G 0 ). At these late stages E(spl)3 is more confined to the ventral NE (in addition to the segmental stripes), whereas E(spl)1 expression also extends more dorsally. We went on to compare E(spl) expression to early markers of neural specification, namely Ash, ase and sna. In these experiments we used a full-length E(spl)3 probe, which gave a more robust signal and detected both transcripts, referred to hereafter collectively as ''E(spl)''. In Drosophila the E(spl) genes are expressed in the VNE in a pattern overlapping proneural and opposite to neuroblast marker expression; namely, expression is restricted to the cells surrounding a delaminating neuroblast when it transiently upregulates ASC expression. In Tribolium, it was previously shown (Wheeler et al., 2003) that the expression pattern of the single proneural achaete/scute homologue, Tc Ash, is conserved with Drosophila, although, unlike Drosophila, neurogenesis does not proceed simultaneously in each segment. Specifically, Tc Ash is originally expressed in proneural clusters; it then becomes restricted to one cell, the neuroblast, from which it is finally extinguished shortly after delamination. At the same time, its target gene asense turns on in all delaminated neuroblasts. Snail (Beetlebase: escargot) is a neural precursor marker in all arthropods (Hannibal et al., 2012) and has previously been used as a neural marker in Tribolium studies (Nunes da Fonseca et al., 2008; van der Zee et al., 2006). We found that Tc sna is expressed in all ase positive neuroblasts (Supplementary Fig. 1 ) and has weak expression also in surrounding proneural cluster cells (Fig. 2J and N) .
In young (posterior) segments E(spl) and Ash expression is present long before ase or snail have been turned on ( Fig. 2H , K, L and O blue arrows, enlarged regions in Fig. 2L -O). Double in situ for E(spl) and Ash showed that Ash comes on before E(spl) in the same cell clusters. In the head, there are clusters of cells that express both Ash and E(spl) (Fig. 2R arrows) and others that express only Ash (Fig. 2R asterisks) . In the posterior trunk (younger) segments only Ash is detected, whereas E(spl) is first detectable in older segments, about two segments anterior to the first cluster of Ash positive cells (Fig. 2Q ). In even older segments E(spl) expressing cells seem to be arranged in circles or half-circles surrounding non-expressing cells (enlarged regions in Fig. 2H-K) . Double staining for E(spl) and Ash revealed that the E(spl) positive cells surround singularized neuroblasts, which transiently express high levels of Ash (Fig. 2P arrows) . This dynamic expression is observed in each newly forming segment until all neuroblasts are specified. The fact that E(spl) genes are expressed in a pattern excluding delaminating neuroblasts supports a conservation of the lateral inhibition mechanism used to restrict the number of neuroblasts in the ventral neuroectoderm. Whereas ase and sna expression is restricted within the NE, E(spl) and Ash expression also show segmentally repeated stripes of expression that extend outside the VNE in older segments (Fig. 2H , K, L and O arrowheads), implicating additional roles besides CNS development.
2.3.
The Tc E(spl) genes are regulated by Notch and ASH function Drosophila E(spl) gene expression in the neuroectoderm is dependent on the combined activity of Notch together with proneural activators. A particular arrangement of Su(H) binding sites (Notch target motifs) and E A boxes (proneural protein binding sites), the ''Su(H) paired sites plus E A '' motif, or SPS + A, is present in the promoter regions of all E(spl) genes and mediates this cooperative transcriptional activation (Cave et al., 2005; Kramatschek and Campos-Ortega, 1994; Maeder et al., 2007) . Although both E(spl)1 and 3 have nearby (within 3 kb up-or down-stream) Su(H) and E A consensus sites, only E(spl)1 contains an SPS + A motif (À173 to À104, upstream of the ATG; data not shown). Nevertheless, the appearance of E(spl) expression in a similar spatiotemporal pattern to that of Ash (Fig. 2H-Q) suggests that both E(spl) genes might be Ash targets. In order to address these regulatory inputs directly, we performed Tc Ash and Tc Notch RNAi and analysed Tc E(spl) expression in the knockdown embryos. To verify successful staining we mixed in a probe for Tc caudal (cad), which stains the posterior growth zone of the developing germband (Schulz et al., 1998) . In both Ash RNAi (maternal) and Notch RNAi (embryonic), E(spl) expression was lost from the entire ventral and cephalic neuroectoderm, whereas cad was unaffected ( Fig. 3A-I ). Since cad expression masked the GZ expression of E(spl), we also stained Notch RNAi embryos for E(spl) alone (Fig. 3J-O ) and found that E(spl) expression was lost ( Fig. 3M and N) or significantly reduced (Fig. 3O) in the entire germband, including the GZ. We did not ask whether E(spl) GZ expression is dependent on Ash, since no Ash expression was observed in the GZ (Fig. 2K and O) , making such regulation extremely unlikely. We therefore conclude that E(spl) expression in the neuroectoderm is dependent on both Notch and Ash function. The posterior GZ E(spl) expression depends on Notch function.
Notch knockdown causes severe defects in Tribolium embryogenesis
In the process of studying the dual requirement for Ash and Notch in E(spl) expression, we realised that it was impossible to recover Notch RNAi embryos from pupal or adult injections, unlike Ash RNAi adults, which were viable and fertile. The sterility caused by Notch RNAi is consistent with a pleiotropic role for this ancestral signalling pathway (e.g. see (Baumer et al., 2012) ) and made us resort to embryonic dsRNA injections to analyse the role of Notch in beetle embryogenesis. We injected embryos at 3-4 h after egg laying and hybridized them 24 h later for markers of neuroblasts (Tc sna), the growth-zone (Tc cad) and segmentation (Tc en), besides the E(spl) probe. In the cephalic and ventral neuroectoderm, snail expression was upregulated upon Notch knockdown (Fig. 4D-F) . At positions where in wt embryos of comparable stage snail positive cells were singularized, in the Notch RNAi embryos clusters of snail positive cells were detected. Therefore, loss of Notch function abolishes neuroblast singularization in Tribolium resembling the ''neurogenic'' phenotype first documented in Drosophila (Lehmann et al., 1983) .
Interestingly Tc sna expression in the posterior growth zone, which is probably of mesodermal origin (Sommer and Tautz, 1994) , was abolished by Notch RNAi (Fig. 4A-F , yellow arrows). This finding, together with the loss of E(spl) expression, indicates that Notch plays a role in growth-zone development. However, yet another GZ marker, Tc cad, was found to be unaffected by Notch RNAi (Fig. 4G-O, red arrows) . In addition to the molecular defects seen at the GZ, Notch RNAi embryos frequently appeared twisted or had shortened germbands, especially in the abdominal segments, phenotypes that could result from a defect in GZ proliferation or segmentation. We therefore hybridized with a Tc en probe to detect possible segmentation defects. In the wt, engrailed is expressed in a stripe at the posterior margin of each segment, with each new stripe appearing just before the new segment becomes morphologically visible (Brown et al., 1994) . In Notch RNAi animals en expression was still present, albeit at variably reduced levels ( Fig. 4J-O) . In the strongest phenotypes en stripes were barely detectable or were interrupted. Compared to wt embryos with the same number of en stripes (number of last stripe is indicated in each panel) and similar head and thorax development, Notch RNAi embryos were significantly reduced in length and the distance between the most posterior en stripes was short (especially obvious in the abdominal region of an older germband, Fig. 4L , black arrow). It therefore appears that even though segmentation took place, segment patterning or growth was affected by the Notch loss of function. Since the abdominal segments were the ones most affected, we exclude the possibility that this defect was a secondary consequence of the neuroblast lateral inhibition defect, since in these segments the neuroblast defect will only develop later (cf. embryo 4L with 4F).
Loss of E(spl) function phenocopies loss of Notch function
In Drosophila, E(spl) proteins mediate the effect of Notch in neural fate inhibition in both the CNS and PNS. In this process E(spl) genes act redundantly and only the loss of the entire E(spl) locus results in severe neural hyperplasia comparable to Notch loss of function. Since beetle E(spl) expression is dependent on Notch function, we asked whether the loss of E(spl) function in Tribolium phenocopies the loss of Notch. and Ash in young germbands. Window shown in (P) is comparable to enlarged region in (H-K) -single confocal section. Ash (red) is transiently expressed in NBs, which are surrounded by E(spl) positive (green) cells (yellow arrow). Some rare double positive cells are observed (white arrow). In newly formed segments (Q -confocal projection) Ash is detected prior to E(spl) in early PNCs (grey arrows). In the cephalic region (R -confocal projection) Ash positive NBs surrounded by E(spl) expression are observed (yellow arrows). Ash is additionally expressed in stripe-like domains, which are E(spl) negative (white asterisks).
We therefore knocked down E(spl)1 and E(spl)3 simultaneously by pupal RNAi and assessed the effect on neurogenesis in their progeny by in situ staining for snail. The adjustment of knock down strength turned out to be very laborious, as high concentration of injected dsRNA resulted in no egg production in the case of pupal RNAi and in early developmental arrest in embryonic RNAi. We found that with lower dsRNA concentration we could recover embryos from injected female pupae. Even in this case we observed a temporary arrest in egg laying for several days.
This was followed by a time-window where embryos with severe developmental arrest or defects at the germband stages were produced, before the RNAi effect decayed and wt embryos were laid. E(spl) RNAi embryos that progressed to germband elongation showed virtually no E(spl) ISH signal, whereas the mixed-in control cad probe was robustly visible (Fig. 5I and J) . The majority of these embryos displayed an increase in snail positive cells throughout the cephalic (Fig. 5 black arrows) and trunk neuroectoderm (Fig. 5 blue and yellow arrows) . Even in weakly affected embryos there were areas where snail expression had expanded beyond the single cells seen in the wt (e.g. Fig. 5F ). This was particularly evident in the midline, where each segment usually contains one sna positive neuroblast in the wt (probably the median neuroblast, MNB), whereas clusters of MNBs were seen in E(spl) knockdown embryos (yellow arrows in Fig. 5B , E and G). Despite the high penetrance of this neurogenic phenotype, other germband defects similar to the abdominal malformations Fig. 4 -Notch knockdown causes severe defects in Tribolium embryogenesis. AP-ISH for the NB marker snail (A-F) or engrailed plus caudal (both DIG labelled) (G-O). Ventral views, anterior is up. In Notch knock down embryos snail expression is upregulated (E,F). Clusters of snail positive cells appear in the cephalic region (arrowhead in B, E) and in the trunk, in places where in wt single neuroblasts are located (enlarged regions in B, C, E, F). The GZ expression of snail (yellow arrows) is absent in Notch RNAi embryos. These germbands further show morphological defects, they are short and/or have twisted abdomen (D, F). engrailed expression reveals that Notch RNAi embryos are short compared to wt embryos with the same number of stripes (G-O, number of last stripe indicated in each panel). engrailed expression is present but reduced, mildly in weak phenotypes (J, K, O) to significantly in severe phenotypes (M, N, L). The distance between abdominal en stripes is frequently short (arrow in L). cad expression appears unaffected by the loss of Notch function (red arrows). Scale bar in (A) for (A-F), scale bar in (G) for (G-O), each 100 lm. seen after Notch knockdown were only rarely observed. We therefore conclude that E(spl) genes mediate the lateral inhibition activity of Notch in the Tribolium neuroectoderm, but are less likely to be involved in the segmentation/growth zone process(es) mediated by Notch.
To assess if E(spl)1 and E(spl)3 have independent functions or act redundantly, we performed single knockdown of either E(spl)1 or E(spl)3 and compared their effects to the double E(spl) knockdown. We found that loss of E(spl)1 did not result in any embryonic defect while the knockdown of E(spl)3 produced phenotypes similar to the double knockdown, albeit weaker. The delay in egg production after pupal injections was shorter and the NB hyperplasia, as revealed by sna in situ, was less prominent (Supplementary Fig. 2 ). When knockdown embryos were left to develop to late cuticlesecreting stages, we observed loss of ventral cuticle in a large percentage of double E(spl)1 + 3 knockdowns, whereas single E(spl)3 knockdowns only displayed abdominal malformations show that RNAi reduced E(spl) expression to undetectable (J), whereas cad expression was unaffected.
with no obvious cuticle loss ( Supplementary Fig. 3 ). Loss of ventral cuticle is consistent with a mis-specification of the majority of neuroectodermal cells to NBs, so that there is a deficit of cells to differentiate epidermal structures. We conclude that lateral inhibition is redundantly mediated by both E(spl)1 and 3, although E(spl)3 plays a more prominent role.
Tc E(spl) transgenes mimic Dm E(spl) function in Drosophila
To gain further insight into the functional conservation of E(spl) proteins between Drosophila and Tribolium we generated UAS-Tc E(spl) transgenes for ectopic overexpression in Drosophila. We investigated their effect on thoracic bristle and wing vein fates, two imaginal structures known to be suppressed by E(spl) activity (Ligoxygakis et al., 1999; Tata and Hartley, 1993) . Using the pnr-Gal4 driver, which expresses in the most proximal part of the notum, we found that both Tc E(spl)1 and 3 (four lines tested from each transgene) could suppress bristles as efficiently as a strong Drosophila E(spl) gene, e.g. E(spl)m7 (Giagtzoglou et al., 2003) . All macro-and micro-chaetae were eliminated from the proximal notum (Fig. 6A-C) . We had shown earlier that many Drosophila E(spl) proteins can suppress bristles even upon ectopic co-expression of the bristle promoting proneural transcription factor Scute (Sc), indicating their ability to inhibit Sc function at the post-transcriptional level. Both E(spl)1 and 3 were capable of antagonizing Sc activity, as they could efficiently ablate macro-and micro-chaetae upon Sc co-overexpression (Fig. 6D-F) . Furthermore, all UAS-Tc E(spl) lines tested (four per transgene) efficiently deleted veins (Fig. 6G-J) as well as anterior wing margin bristles (data not shown), when ectopically expressed in the wing using omb-Gal4 or en-Gal4.
We had shown earlier that the mechanism of Sc-E(spl) antagonism was based on the ability of different Drosophila E(spl) proteins to occlude the transactivation domains (TADs) of Sc and its dimerization partner Daughterless (Da) (Alifragis et al., 1997; Giagtzoglou et al., 2003; Zarifi et al., 2012) . Since the Tribolium proteins were able to antagonize the proneural activity of Drosophila Sc in vivo, we decided to ask whether they possess the ability to interact with the Sc or Da transactivation domains. We used a simplified system where each transactivation domain (TAD) is fused to the yeast Gal4 DNA binding domain (DBD) and the fusion protein activates a UAS-luciferase reporter in transiently transfected Drosophila S2 cells (Giagtzoglou et al., 2005) . We tested Gal4-DBD-ScTAD, bearing the only Sc transactivation domain, and Gal4-DBDDaAD1, bearing one of the two transactivation domains of Da (called AD1), the one previously shown to interact with fly E(spl) proteins (Zarifi et al., 2012) . Sc TAD and Da AD1 contain aminoacid motifs that are highly conserved across all insects (Giagtzoglou et al., 2005; Zarifi et al., 2012) . Both E(spl)1 and 3 were able to repress the UAS-luc reporter when activated by Gal4-DBD-ScTAD (Fig. 7A) . However, only E(spl)1 was able to repress Gal4-DBD-DaAD1 (Fig. 7B) . Therefore, the two Tribolium E(spl) proteins show some degree of specialisation in their inhibitory interactions with proneural proteins.
Having gained some insight into the mechanism of beetle E(spl) action, we returned to the transgenic fly system to assess in vivo the interaction of Tc E(spl) proteins with proneural proteins. For this reason we used the EE4-lacZ reporter, which bears eight tandem E A -boxes (Da/Sc binding sites) upstream of a minimal promoter (Culi and Modolell, 1998) . It is efficiently activated by Sc and repressed by E(spl) proteins only through their interaction with Sc and Da (Giagtzoglou et al., 2005; Zarifi et al., 2012) , as E(spl) proteins cannot bind E A boxes. When we ectopically expressed UAS-Tc-E(spl) transgenes by the pnr-Gal4 driver, only E(spl)1 was able to strongly repress EE4-lacZ ( Fig. 7C-E) . Upon UAS-sc expression, EE4-lacZ gets broadly activated in the proximal thorax. E(spl)m7 and mc, two proteins that interact with both Sc and Da, can strongly repress this activity, whereas E(spl)md, which has lost both Sc and Da interactions, cannot (Giagtzoglou et al., 2003) . Tc E(spl)1 behaved as a strong repressor (like E(spl)mc or m7), whereas E(spl)3 was unable to repress Sc-activated EE4-lacZ (Fig. 7G-I) . Therefore, its inability to interact with Da seems to attenuate the repressive activity of E(spl)3 towards Sc-activated EE4-lacZ, even though it does not equally compromise its bristle suppressing action (Fig. 6) . Interestingly, the same repression spectrum was observed for UAS-E(spl)m3, a Drosophila E(spl) protein which interacts with the Sc transactivation domain, but cannot interact with the Da AD1 transactivation domain. Like Tc E(spl)3, Dm E(spl)m3 repressed EE4-lacZ weakly ( Fig. 7F and J) , but suppressed bristle formation efficiently (data not shown).
Discussion
We have described the embryonic expression patterns of the two Tribolium E(spl) genes, E(spl)1 and 3, and their regulatory relationships with the proneural protein Ash and Notch signalling. We have furthermore characterised a compound loss of function phenotype for the two genes. This manifests as neuroblast hyperplasia and resembles the Notch loss of function phenotype during embryonic germband elongation. We have finally characterised the Tc E(spl) proteins' ability to interact with the conserved proneural proteins Da and Sc and their ability to generate gain-of-function phenotypes identical to those of Drosophila E(spl) genes, upon overexpression in fly tissues.
In terms of both expression and activity, Tc E(spl) proteins show remarkable similarities to their Drosophila counterparts. The most prominent expression domain of the two Tc E(spl) Fig. 7 -Tc E(spl)1 and Tc E(spl)3 interact with the proneural activator Sc but only Tc E(spl)1 interacts with Daughterless. (A, B) Luciferase activity from the UAS-tk-luc reporter is measured in S2 cells transiently transfected with a Gal4 DNA binding fusion of the Sc TAD (A) or the Da TAD AD1 (B). In each graph the first bar (À) represents the basal activity of the reporter (in the presence of unfused Gal4 DNA binding domain). The second bar represents activation by the Gal4-TAD fusion. The remaining bars are all activities from transfected cells with the appropriate Gal4-TAD plus increasing amounts of E(spl) expressing plasmids, as indicated. (A) The two Tc E(spl) proteins repress as well as Dm E(spl)m7, indicating that they interact with the Sc TAD. E(spl)md, which does not interact with the Sc TAD, cannot repress. (B) Only Tc E(spl)1 and Dm E(spl)m7 can repress the Gal4-AD1 activated reporter, indicating their ability to interact with the Da AD1 domain. (C-J) Response of the EE4-lacZ reporter to E(spl) transgene expression in third instar larval wing disks. Wing disks expressing different UAS transgenes (as indicated in each panel) driven by pnr-Gal4, which drives expression in the proximal notum (upper corner, area stained darker in panel G). (A) Wild type pattern (no UAS transgene) of the EE4-lacZ reporter, which is activated by endogenous Ac and Sc in proneural clusters throughout the notum and wing. The two areas of staining indicated by the black arrow correspond to two proneural clusters (the SC and DC) that are located within the pnr expression domain. EE4-lacZ in the SC and DC clusters is totally abolished by Tc E(spl)1 overexpression (B), whereas Tc E(spl)3 only mildly decreases EE4-lacZ (E). Dm E(spl)m3 is a somewhat better repressor (F, black arrow), Ectopic expression of scute broadly activates EE4-lacZ throughout the pnr-Gal4 domain (white arrow in G). This activation is robustly repressed by Tc E(spl)1 (H) but not by Tc E(spl)3 (I) and only mildly by Dm E(spl)m3 (J).
genes is the cephalic and trunk neuroectoderm at the time when neuroblasts are being specified. This expression is dependent on Notch, as well as Ash. Along with the fact that Tribolium Delta, a Notch ligand, shows a very similar neuroectodermal expression pattern (Aranda et al., 2008) , this argues strongly towards a conserved lateral inhibition mechanism, whereby Delta-Notch signallling induces E(spl) expression, which in turn prevent excessive differentiation of neuroectodermal cells into neuroblasts. This is also supported by the supernumerary neuroblasts observed upon Notch or E(spl)1 + 3 knockdown (Fig. 4 and 5) . This ''neurogenic'' phenotype has been extensively studied in Drosophila and has also been reported in other arthropods. Delta RNAi results in early neuron hyperplasia in the hemimetabolous insect Gryllus bimaculatus, which, however is soon obscured by extensive neuronal death (unlike Drosophila) (Kainz et al., 2011) . In the crustacean Daphnia magna, presenilin inhibitor DAPT (which is expected to block Notch signalling) produces an excessive number of neuroblasts in the neuroectoderm and at the same time abolishes expression of two E(spl) homologues, named Hes2 and Hes3 (Ungerer et al., 2012) . This is consistent with a role of Hes2 and 3 in mediating lateral inhibition -however, their knockdown has not been reported. Gryllus E(spl) genes have not been characterised yet. Besides the neurogenic phenotype, Tc E(spl)3 (as well as double E(spl)1 + 3) pupal knockdown resulted in female sterility and early embryonic defects -this agrees with a report from a genome-wide bHLH RNAi screen (where E(spl)3 was named E(spl)mc2) (Bitra and Palli, 2010) , and points to additional earlier functions of Tribolium E(spl) genes, which have not been detected in Drosophila. For example, a role in oogenesis is likely since a role of Notch in oogenesis is already known (Baumer et al., 2012) In fact we believe that these earlier defects were responsible for the lower penetrance and expressivity of the neurogenic phenotype upon E(spl) RNAi compared to Notch RNAi. We believe that we were only able to recover neurogenic phenotypes during a time-window when the maternal RNAi effect was waning, such that the early defects were avoided, however for this same reason the knockdown may not have been complete (as confirmed by the detection of trace mRNA amounts by ISH - Supplementary Fig. 2) .
In addition to their conserved role in lateral inhibition, which was detected in their native context (the beetle embryo), Tc E(spl) proteins can produce the same gain-of-function phenotypes as those produced by their Drosophila counterparts upon overexpression in the fly. We furthermore found that, similar to Drosophila E(spl) proteins, Tc E(spl) proteins antagonize Sc and Da by blocking their transactivation domains (TADs). Because E(spl)3 can only inhibit Sc (whereas E(spl)1 inhibits both Sc and Da), it is less active than E(spl)1 in repressing the potent Da/Sc-responsive EE4-lacZ reporter, but can still repress the set of bristle promoting genes and thus efficiently block bristle formation even upon overexpression of Sc. The seven Drosophila E(spl) proteins have diverged with respect to their interactions with Sc and Da: three, E(spl)m7, mb and mc interact with both Sc and Da; two, E(spl)m8 and m5 interact only with Da, one, E(spl)m3 interacts only with Sc and finally E(spl)md interacts with neither (Alifragis et al., 1997; Giagtzoglou et al., 2005) . In this respect Tc E(spl)1 resembles Dm E(spl)m7, mb, mc, whereas Tc E(spl)3 resembles Dm E(spl)m3. This resemblance is strengthened by functional data showing a similar pattern of EE4-lacZ reporter and bristle suppression between Tc E(spl)1 and Dm E(spl)m7 on the one hand and Tc E(spl)3 and Dm E(spl)m3 on the other (Figs. 6 and 7). We have mapped the ScTAD interaction to the N-terminal bHLH domain of Drosophila E(spl) proteins and the Da AD1 interaction to their Orange domain (Giagtzoglou et al., 2005; Zarifi et al., 2012) . The Tc E(spl) behaviour is consistent with this mapping: Tc E(spl)1 and 3 are virtually identical in their bHLH domains and both interact with Sc. They are, however, very divergent in their Orange domains and only the one that resembles Dm E(spl)mc, namely Tc E(spl)1, interacts with Da AD1. The E(spl)3 Orange domain is quite diverged from those of Drosophila proteins and is more similar to E(spl) proteins from other species (bees, ants, aphids, etc.), those classified in the E(spl)3 (or ''Her'') family (Duncan and Dearden, 2010) . Dm E(spl)m3 also has a highly divergent Orange domain (compared to its Dm paralogues and to other species); although it does not structurally resemble Tc E(spl)3, both Orange domains have lost the ability to interact with Da AD1.
The remarkable degree of conservation between Drosophila and Tribolium E(spl) expression and function leads us to speculate that E(spl) homologues in other species as well will possibly possess the same features. Indeed the limited studies so far in Daphnia (Ungerer et al., 2012) and Apis (Duncan and Dearden, 2010) are consistent with a role of E(spl) proteins in neuroblast lateral inhibition. Although the ability to interact with Sc and Da homologues was not addressed in these studies, it is also very likely to be present in other E(spl) homologues. In this respect it is important to point out that the Daphnia Ash is not expressed early in neurogenesis, instead expression of the Snail homologue is the first marker of neuroectodermal differentiation into neuroblasts (different temporal order compared to Drosophila and Tribolium) (Ungerer et al., 2011) . It will be interesting to determine if there is a protein interaction relationship between Sna and E(spl) in Daphnia, and perhaps other species. It is also important to note that extensive analysis of a number of metazoan genomes (Simionato et al., 2007 ) has failed to turn up true homologues of E(spl) genes in species outside the pancrustacea (a clade including crustaceans and insects). In all other metazoan species, bHLH-O proteins could be classified as either Hairy/E(spl) or Hey, but no distinction between the Hairy group and the E(spl) group was possible; a well-known case in point are vertebrates, where this inability to discern between Hairy and E(spl) has led to the ''Hes'' (Hairy and Enhancer of split homologue) nomenclature. A possible scenario is that E(spl) proteins, possessing the features described herein (Notch + Ash targets, neuroectoderm expression, antagonists of neurogenesis, Da and Sc interactors) arose in the pancrustacean ancestor. Indeed insects and crustaceans share some features in neurogenesis that are not found in other animals. Most notable is the existence of stem cells (neuroblasts) which undergo asymmetric cell divisions to yield the neurons and glia that make up the nervous system. In contrast, their closest relatives, myriapods and chelicerates, generate their nervous systems by direct differentiation of groups of neuroectodermal cells with little or no intervening cell division (Stollewerk and Simpson, 2005) . Nevertheless, this process coincides with Ash and sna expression in these differentiating cells and, moreover, it is negatively regulated by Notch signalling (Stollewerk, 2002; Weller and Tautz, 2003) . It would not be surprising, therefore, if one or more Hairy/E(spl) proteins acted downstream of Notch to inhibit Ash and/or Sna activity and expression in other arthropods. In vertebrates, where the nervous system arises from the neural plate via stem cells that, unlike insects, are not intermingled with epidermal precursors, Hes proteins are known to act downstream of Notch to prevent premature differentiation of neural plate cells. We therefore propose that the Notch->Hairy/E(spl)->inhibition of neurogenesis pathway is an ancient one, but has evolved variations with respect to (a) whether neural precursors divide or not, (b) whether they are intermingled with other cells (Notch/E(spl) mediates the spatial segregation of cell types) or adjacent to each other (Notch/E(spl) only regulates the timing of precursor differentiation) and (c) whether Notch/E(spl) interfaces with the activity of Ash or Sna as the primary promoter of differentiation. In the course of evolution some Hairy/E(spl) proteins may have lost part of their regulatory connections, e.g. Drosophila and Tribolium hairy does not seem to be a Notch or Ash target, although it retains a role in inhibiting neural precursor formation in the fly PNS (Skeath and Carroll, 1991; Usui et al., 2008) .
Even though in the present work we have focussed on the role of E(spl) proteins in neuroectodermal differentiation, other roles have been described in Drosophila: inhibition of wing veins (de Celis et al., 1997; Ligoxygakis et al., 1999) , maintenance of neuroblast self-renewal , differentiation of intestinal cells (Bardin et al., 2010) , to name a few. At this time it is still unclear which of these functions may have been present in an early E(spl) ancestor, due to the lack of studies in species other than Drosophila. Vertebrate Hes genes and Drosophila hairy also have important roles in segmentation (Oates et al., 2012; Palmeirim et al., 1997) , raising the possibility that the bilaterian Hairy/ E(spl) ancestor may have had an important ancient role in this process. Other than Drosophila Hairy, the role of bHLH-O proteins in insect segmentation is still not well studied. Although Tc hairy is expressed in stripes, it does not seem to play an important role in segmentation (Aranda et al., 2008) . Furthermore, although Notch knockdown perturbs segmental patterning in several invertebrates (Mito et al., 2011; Pueyo et al., 2008; Stollewerk et al., 2003) (this work - Fig. 4G-O) , whether this implicates a direct role in segmentation (as in vertebrates) or not is still a matter of controversy (Kainz et al., 2011; Wilson et al., 2010) . In vertebrates, Notch signalling and Hes gene expression oscillate in the presomitic mesoderm concurrently with the generation of each segment. No report of Hairy/E(spl) gene oscillatory expression exists for invertebrate species, although other segmentation genes, like odd and eve, have been recently found to undergo oscillatory expression in the Tribolium growth zone (Sarrazin et al., 2012) . The fact that Tribolium E(spl) genes are expressed in the growth zone leaves open the possibility that they may be involved in segmentation, although our RNAi analysis (with the caveat of incomplete knockdown) detected no phenotype to that effect. However, other bHLH-O genes, namely Tc hairy and deadpan, are also expressed in the growth zone (Aranda et al., 2008) , so it is possible that they may have overlapping functions in segmentation.
4.
Experimental procedures 4.1.
DNA constructs
The Tribolium bHLH-Orange homologues, as well as the Notch homologue, were identified by tBlastn searches with the respective Drosophila protein sequence as query. Tc E(spl)1 and Tc E(spl)3 were PCR amplified from genomic DNA with specific primers, cloned in the pGemTeasy vector, sequenced and subcloned in the pBluescript, pUAST and the Ract vectors. Tc Notch was cloned from cDNA synthesised from RNA extracted from pupae. Primer sequences:E(spl)1.for: CAT. PstI, XbaI in italics The Tc ase and Tc Ash constructs were kindly provided by James Skeath (Washington University, St. Louis, MO). Tc cad was a gift from Andrew Peel (IMBB, Heraklion and University of Leeds, UK). Tc en was a gift from Ernst A. Wimmer (GeorgAugust-Universitä t, Gö ttingen) and Meriem Takarli (IMBB, Heraklion). The Tc snail construct was a gift from Yoshi Tomoyasu (Miami University, Oxford, OH).
UAS-3xmyc-sc was generated by adding 3 copies of the myc epitope (3xmyc) in frame to the N terminus of sc in a pBluescript backbone. The N-terminus of the fusion protein is:
(meqkliseedlelt) 2 meqkliseedlefmknnnnttksttmsssvls, where the original Sc sequence is marked in bold.
3xmyc-sc was subcloned from pBluescript into pUAST as a 5 0 KpnI/3 0 XbaI fragment. pUAST-3xmyc-sc was used for Drosophila transformation.
Phylogeny
Protein sequences were aligned using the online software ClustalW and the dendrogram was built with using the Neighbour-joining method (Saitou and Nei, 1987) .
4.3.
Whole-mount in situ hybridization
Alkaline phosphatase (AP-ISH) and fluorescence (F-ISH) in situ hybridization were performed essentially as described in Schinko et al. (2009) and Kosman et al. (2004) . E(spl)1 and E(spl)3 probes were made either from full-length CDSs or from CDS fragments excluding the highly similar N-terminal region. For this reason cloned full length CDSs were digested with NcoI (E(spl)1) or NcoI/HindIII/Klenow fill-in (E(spl)3) and religated. For AP-ISH all probes were DIG labelled and detected with nitro blue tetrazolium chloride and 5-bromo-4-chloro-3-indolyl phosphate (NBT/Bcip). Labels used in F-ISH were DIG and Biotin. Primary antibodies were Sheep anti-DIG and Mouse anti-Biotin (Roche, 1:500). Secondary antibodies were Alexa 555 Donkey anti-Sheep and Alexa 488 Donkey anti-Mouse (Molecular Probes 1:1000). Germbands were dissected free from the yolk and mounted in 80% Glycerol (F-ISH: with N-propyl galate). AP stainings were documented on a Leica MZ16F stereoscope with a Leica DFC 300 FX camera and the Leica programme LAS version 2.7.1, or on a Leitz Diaplan microscope with a SPOT camera (Diagnostic instruments) using Nomarski optics. F-ISH images were acquired on a Leica SP2 confocal microscope at the University of Crete. Images were processed with the manufacturer's software Leica LCS.
RNAi
Plasmids carrying the template cDNAs were linearised via restriction digest. Transcription reactions were performed with the Ambion Megascript kit following the manufacturer's protocol. ssRNA was recovered by LiCl precipitation. Annealing was carried out by heating to 95°C for 2 min followed by slowly cooling down to 70°C. dsRNA was used immediately or stored at À80°C. Template plasmids were the same as the ones used for probe synthesis. They contained a partial CDS for each E(spl) gene, starting at the NcoI site and ending at the stop codon or shortly downstream, 67 bp for E(spl)1 and 166 bp for E(spl)3, respectively; this region shows no sequence similarity between the two genes. For the double knockdown we mixed the two dsRNAs for each E(spl) gene. We also tested the 189 bp ATG to NcoI region of E(spl)3, which includes the highly similar bHLH region. This dsRNA gave the same phenotypes as those produced by the mixture of the two NcoI-stop dsRNAs. A 366 bp fragment of Ash and a 539 bp fragment of Notch were used for the respective dsRNA preps.
Parental RNAi was performed as described in Posnien et al. (2009) . Either late female pupae with dark eyes and wings (E(spl)1 + 3 dsRNA, 1.5 lg/ll each; E(spl)1 dsRNA, 3 lg/ll; E(spl)3 dsRNA, 3 lg/ll) or adult females (Ash dsRNA, 1.5 lg/ ll) were injected. We used adult injections for Ash knockdown, because pupae injected with Ash dsRNA died a few days after injection, as has been reported (Bitra and Palli, 2010) . Injected females were crossed to wt males at 30°C and eggs were collected daily starting 5 days (pupal injection) or 2 days (adult injection) after injection.
In the case of Notch, embryonic RNAi was used. Eggs were collected for 1 h at 30°C and incubated for an additional 3 h at 30°C prior to injection. Injections were performed following the guidelines of Posnien et al. (2009) . Briefly, eggs were dechorionated in 25% bleach, aligned on a microscope slide and injected (0.5 lg/ll) under air in a mid-ventral position. Injected embryos were kept in humid chambers at 25°C for 24 h prior to fixation.
4.5.
Reporter gene analyses in transfected Drosophila Schneider S2 cells
The Tc E(spl) coding regions were first subcloned downstream of the actin5C promoter in the RactHAdh expression vector (Swevers et al., 1996) , using the restriction sides BamHI and XbaI. The luciferase reporter gene, UAS-tk-luc, contains five tandem Gal4 binding sites fused to a minimal promoter (Giagtzoglou et al., 2005) . Fusions of Sc and Da transactivation domains to the Gal4 DNA binding domain are described in Giagtzoglou et al. (Giagtzoglou et al., 2005) and Zarifi et al. (Zarifi et al., 2012) . Cells were cultured at 25°C in M3 medium including 10% heat-inactivated fetal bovine serum and gentamycin. About 5 · 10 5 cells/0.5 ml were used in transient transfection with the calcium phosphate co-precipitation method. Cells were harvested 2 days after transfection and lysed with lysis buffer (Promega). In each assay empty vectors were added to bring the total DNA amount to 1 lg of which 0.1 lg hs-lacZ was added for normalisation. Luciferase assays were performed with the luciferase kit (Promega) following the manufacturer's instructions. Luminescence was measured with a Tuner TD-20/20 luminometer. Each transfection experiment was performed in triplicate and repeated at least three times to ensure reproducibility. Data shown represent the average and standard deviation of triplicates for a typical assay.
4.6.
Drosophila strains
UAS-lines
We generated UAS-E(spl)1 and E(spl)3 Drosophila transgenic lines according to standard protocols. The coding regions of E(spl)1 and E(spl)3 were placed in a pUAST vector (Brand and Perrimon, 1993) . Transgenic flies were generated by P-element transformation in a yw 67c23 background.
Other transgenes used were UAS-E(spl)m7 (Ligoxygakis et al., 1999) and UAS-3xmyc-sc (this work).
Gal4 driver lines
Driver lines used were: pnr MD237 -Gal4, en-Gal4 and omb md653 -Gal4 (FlyBase).
Phenotypic analysis of transgenic flies
After combining the appropriate Gal4 driver and UAS transgenes, adult wings were mounted in Aqua mount (BDH Laboratory Supplies) and adult nota were mounted in Hoyer's medium (Wieschaus and Nsslein-Volhard, 1986) .
For lacZ reporter assays, we used the EE4-lacZ reporter (Culi and Modolell, 1998; Giagtzoglou et al., 2003) . Expression of b-galactosidase in wing disks was visualised using an Xgal assay as described in Giagtzoglou (2003) (Giagtzoglou et al., 2003) . Pictures of wings, nota and wing disks were taken on a Leica MZ16F stereoscope with a Leica DFC 300 FX camera and the Leica programme LAS version 2.7.1, or on a Leitz Diaplan microscope equipped with a SPOT camera (Diagnostic instruments) using Nomarski optics. and E. Ladoukakis for critical reading of the manuscript. Special thanks to M. Averof for his constant support and advice.
